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Analysis of the semileptonic A, — A€* €~ transition in the topcolor-assisted technicolor model
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We comparatively analyze the flavor-changing neutral current process of A, — A€ €~ in the standard
model as well as the topcolor-assisted technicolor model using the form factors calculated via light cone
QCD sum rules in full theory. In particular, we calculate the decay width, branching ratio and lepton
forward-backward asymmetry related to this decay channel. We compare the results of the topcolor-
assisted technicolor model with those of the standard model and debate how the results of the topcolor-
assisted technicolor model depart from the standard model predictions. We also compare our results on the
branching ratio and differential branching ratio with recent experimental data provided by CDF and LHCb

Collaborations.
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L. INTRODUCTION

The flavor-changing neutral current (FCNC) processes in
the baryonic sector are promising tools in the indirect search
for new physics (NP) effects, in addition to the direct
searches at large hadron colliders. Hence, both experimental
and phenomenological works devoted to the analysis of
these channels receive special attention nowadays. The
semileptonic FCNC decay of A, = AT~ ({ = e, u, 7)
is one of the most important transitions in this respect since a
heavy quark with a light diquark combination of the A,
baryon makes this process significantly different than the
B-meson decays. Experimentally, the CDF Collaboration at
Fermilab first reported their observation of the semileptonic
A) — Apu*u~ decay, with a statistical significance of
5.80 and 24 signal events at /s = 1.96 TeV, collected by
the CDF II detector in 2011 [1]. They measured a branching
ratio of [1.73 = 0.42(stat) * 0.55(syst)] X 107¢ [1] in the
muon channel. Recently, the LHCb Collaboration at CERN
also reported their observation of A) — Au*u~ with a
signal yield of 78 % 12, collected by the LHCb detector,
corresponding to an integrated luminosity of 1.0 fb~! at
s =7 TeV [2]. They measured a branching ratio of
[0.96 + 0.16(stat) + 0.13(syst) = 0.21(norm)] X 107® in
the muon channel. So far, there has been no direct evidence
for the NP effects beyond the standard model (SM) at
present particle physics experiments. However, the
ATLAS and CMS Collaborations at CERN reported their
observations of a new particle like the SM Higgs boson with
a mass of ~125 GeV at a statistical significance of 5o in
2012 [3.,4]. Taking into consideration the above experimen-
tal progress and recent developments at the LHC, by in-
creasing the center-of-mass energy, we hope we will be able
to search for more FCNC decay processes as well as NP
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effects in the near future. Therefore, theoretical calculations
for NP effects on the FCNC processes using different sce-
narios will be required for analysis of the experimental
results.

In the present work, we analyze the semileptonic FCNC
channel of A, — A€* €~ in the topcolor-assisted techni-
color (TC2) model. We calculate many parameters such as
decay width, branching ratio and forward-backward asym-
metry (FBA) and look for the difference between the
results from those of the SM predictions. We also compare
our results with the above-mentioned experimental data.

The technicolor (TC) mechanism provides us with an
alternative explanation for the origin of masses of the
electroweak gauge bosons W* and Z° [5]. Although the
TC and extended TC models explain the flavor symmetry
and electroweak symmetry breakings (EWSB), these mod-
els are unable to explain why the mass of the top quark is
too large [6,7]. In topcolor models, however, the top quark
involves a new strong interaction, spontaneously broken at
some high energy scales but not confining. According to
these models, the strong dynamics provides the formation
of the top quark condensate 7t which leads to a large
dynamical mass for this quark, but with unnatural fine
tuning [7,8]. Hence, a TC model containing a topcolor
scenario (TC2 model) has been developed [6]. This model
explains the electroweak and flavor symmetry breakings as
well as the large mass of the top quark without unnatural
fine tuning. This model also predicts the existence of top
pions (m>F), the top Higgs (h?) and the nonuniversal gauge
boson (Z'); we are going to discuss the dependencies of the
physical quantities defining the A, — A€ €~ transition
on the masses of these objects in this article. For more
details of the TC2 model and some of its applications, see
for instance [9-12] and references therein.

The outline of the article is as follows. In the next
section, after briefly introducing the TC2 scenario we
present the effective Hamiltonian of the transition under
consideration, including Wilson coefficients as well as the
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transition amplitude and matrix elements in terms of form
factors. In Sec. III, we calculate the differential decay
width in the TC2 model and numerically analyze the
differential branching ratio, the branching ratio and the
lepton forward-backward asymmetry and compare the ob-
tained results with those of the SM as well as existing
experimental data.

II. SEMILEPTONIC A, — A¢* ¢~ TRANSITION
IN THE SM AND TOPCOLOR-ASSISTED
TECHNICOLOR MODEL

In this section, first we give a brief overview of the TC2
model. Then we present the effective Hamiltonian in both
the SM and TC2 model and show how the Wilson coef-
ficients that enter the low energy effective Hamiltonian are
changed in the TC2 model compared to the SM. We also
present the transition matrix elements in terms of form
factors in full QCD and calculate the transition amplitude
of A, — A€ €~ in both models.

A. The TC2 model

As we previously mentioned, the TC2 model creates an
attractive scheme because it combines the TC interaction,
which is responsible for the dynamical EWSB mechanism
as an alternative to the Higgs scenario, and the topcolor
interaction for the third generation at a scale ~1 TeV. This
model provides an explanation of the electroweak and
flavor symmetry breakings and also the large mass of the
top quark. This model predicts a triplet of strongly coupled
pseudo-Nambu-Goldstone bosons, neutral-charged top
pions (7>*) near the top mass scale, one isospin-singlet
boson, the neutral top Higgs (h?) and the nonuniversal
gauge boson (Z'). Exchange of these new particles gener-
ates flavor-changing (FC) effects which lead to changes in
the Wilson coefficients compared to the SM [6].

The flavor-diagonal (FD) couplings of top pions to the
fermions are defined as [6,7,13—-15]

m; 1} —F%
V2F, vy

+ \/';—;[il}y%w? + 25, bt + \/EERsz;]

m -
+ L IyS1a,
v

[lf’ystﬂ? + \/ibeL’in + \/EELIRW;]

2.1

where m; = m,(1 — &) and mj, = m;, — 0.1em, denote the
masses of the top and bottom quarks generated by topcolor
interactions, respectively. Here, F', is the physical top-pion
decay constant which is estimated from the Pagels-Stokar
formula, v,, = v/ V2 =174 GeV, wherein the v is defined
as the vacuum expectation of the Higgs field and the factor

2 _ 2
vy —F5

represents the mixing effect between the Goldstone

Vy

bosons (techni-pions) and top pions.
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The FC couplings of top pions to the quarks can be
written as [16—18]

mi vl — F2

T pric it 7 0

IKSoKY tcpm

\/EFW v, [ URMULYL*R "t
+ V2K K, sy + 2K K, Sy tpry ],

2.2)

where Ky g) and Kp gy are rotation matrices that diago-
nalize the up-quark and down-quark mass matrices M, and
M, for the down-type left- and right-hand quarks, respec-
tively. The values of the coupling parameters are given as

KiS, =2e — €%

The FD couplings of the new gauge boson Z' to the
fermions are also given by [6,7,13-16]

K, =K =Ky =1, (2.3)

1 1_
.EIZ:/D = _\/47TK]{Z;L[§7_'L')/’U“TL - 7_'R'}/MTR + gtL'y’utL
+ lELV“bL + %ER)’MR - lZ;R?’“bR:I
6 3 3

Arytur

- tanzelz/ [EEL'}/MSL - lER')/’UJSR _l
#l6 3 2

_ 1_ _
— ArY R — Eew’*ﬁ - eR?’“eR:I}, (2.4)

where K is the coupling constant taken in the region
~ ) L f_ g .
(0.3-1), 6’ is the mixing angle and tan 6 NETh with

g1 being the ordinary hypercharge gauge coupling
constant.

The FC couplings of the nonuniversal Z' gauge boson to
the fermions can be written as [19]

g 1 oo
L3 = =5 cot0 23D DY 51,

2
- —DﬁbDﬁs*ERyﬂbR + H.c.}, (2.5)

3

where D; and Dy are matrices rotating the weak eigenba-
sis to the mass ones for down-type left- and right-hand
quarks, respectively.

B. The effective Hamiltonian and Wilson coefficients

The A, — A€* €~ decay is governed by the b — s€* €~
transition at quark level in the SM, whose effective
Hamiltonian is given by [20-23]

eff GFaethth*s
SM o
+ Cip5y, (1 — ys)blytyst
1 _
— Zmngff—2 5i0,,q" (1 + ys)bly*L],
q

[C55y,, (1 — ys)bEyre

(2.6)
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where G is the Fermi coupling constant, «,,, is the fine
structure constant, V,;, and V;; are elements of the Cabibbo-
Kobayashi-Maskawa matrix, g is the transferred momen-
tum squared, and CS, CSft, C ) are the Wilson coefficients.
Our main task in the following is to present the expressions of
the Wilson coefficients. The Wilson coefficient CS" in the
leading log approximation in the SM is given by [24-27]

1 8 1
CSM(wp) = MECo () + 5(77% — 75)Cs(uw)

8
+ Colpw) X him,

2.7
i=1
where
_ as(/"LW) (28)
as(lu’b)
and
a,(x) = @ (mz) (2.9)

1= Bo 422 In("2)’

with a,(m;) = 0.118 and B, = £

5. The remaining func-
tions in Eq. (2.7) are written as
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1

Crlpw) = =5 Dp™M(x),
1

Colpw) = = 5 EG™M(x) (2.10)

Cr(uw) =1,

where the functions DM(x,) and E{SM(x,) with x, = 2+
w

are given by

(8x} + 5x7 —7x,)  x>(2 —3x,)

D/ SM [ 1
0" () 121 — x, 20 —x)t
@2.11)
and
2 —5x,—2) 3x?
EISM _ _ x, (7 t 1 1
0" (%) 40— x)p¢ 21 —x) M
(2.12)

The coefficients k; and a; in Eq. (2.7), with i running from
1 to 8, are also given by [25,26]

h; = (2.2996, —1.0880, —%, —ﬁ, —0.6494, —0.0380, —0.0186, —0.0057) (2.13)
and
a;=(% 18 & —2 04086 —04230, —0.8994, 0.1456). (2.14)
I
The Wilson coefficient C§ in the SM is expressed as  with
[25,26]
o — 2 2 4 s (o 2 ol of
Cgff(fl) — CIg\IDRn(S:/) +h(z,8)3C, + Cy+3C5+C,4 w(§) = — §7T ~3 Li,(8") — 3 In§In(1 — §)
1 A 544§ 28'(1 + §)(1 — 28"
+3Cs+ Cq) —=h(1,8")(4C5 +4C, +3C5 + Cg) - _In(1-§)—
R P IS e sa+20) " T ST e
1 o 2 N a2
_Z < + 95 —
Sh(O.8)(C3+3C9) +5(3C; + Cy +3C5 +C), X Ing + 95 Z 65 (2.18)
6(1 — 81 + 23)
(2.15)
P The function A(y, §') is gi
where § =4, with g*> in the interval 4m?=g’>< e function A(y, §) is given as
(my, —myp)*. "The CYPR in the naive dimensional . 8 m, 8 8 4
regublarization (NDR) scheme is given as h(y, 8') = - 9 lnﬁ ) Iny+ 7 + 0¥ (2.19)
SM
CYPR = pIPR + —4ZM + PLESM, (2,16
9 0 sin 20y, £ (2.16) 2(2Jr )
——(2+x
where PYPR = 2.60 = 0.25, sin26y, = 0.23, YSM = 0.98 9
and Z™ = 0.679 [25-27]. The last term in Eq. (2.16) is n V=1 | = forr=42<1
ignored due to the smallness of the value of Pg. The n(s’) 11— x|1/2 M= | i) Ty =Ty (2.20)
in Eq. (2.15) is also defined as 2 arctan—d foer4§Z,2> 1,
(1) o
§) =1+ =222 0(8), 2.17
() T () @17 where y =1 or y = z = %¢ and

my,
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8 8 4 4
h0.8) ==~ 5ln @——mwgm,

9 (2.21)

At the u;, =35 GeV scale, the coefficients C; (j =
., 6) are given by [27]

8
=Yk (j=1,...,6), (2.22)
i=1

where the constants kj; are given as

ki=(0.0% -4 0000,)
ki=(0,0,%410000)

k=0, 0, =5 & 00510, —0.1403, —0.0113, 0.0054),
ky=(0,0, = —1 0.0984, 0.1214, 0.0156, 0.0026),
ks;=(0, 0, 0, 0, —0.0397, 0.0117, —0.0025, 0.0304),
ke:=(0, 0, 0, 0, 0.0335, 0.0239, —0.0462, —0.0112).

(2.23)

The Wilson coefficient C in the SM is scale independent
and has the following explicit expression:

YSM
Cio=—

. 2.24
sin26y, (2.24)

The effective Hamiltonian for the b — s€* €~ transition

in the TC2 model is given by [12]

et _ OF%en Vi Vi
TC2 22
+ Cio3y, (1 — y5)blyryst
%5 0u0q" (1 + ys5)bly*€
+ Co,3(1 + y5)bll + Cy,5(1 + y5)blyst],
(2.25)

[C5T5y, (1 — ys)bEyre

_ ~eff
Zmb C7

where C&ft, CST, C, CQl and C,, are new Wilson coef-

ficients. CS'", Cetf and C, contain contributions from both
the SM and TC2 model. The charged top pions 7}~ only
give contributions to the Wilson coefficient C$, while the
nonuniversal gauge boson Z' contributes to the Wilson
coefficients Ceﬁ and C,,. In the following, we present the
explicit expressions of the Wilson coefficients C;(uy) and
Cg(uw) that enter Eq. (2.7) in the TC2 model. The new
photonic- and gluonic-penguin diagrams in the TC2 model
can be obtained by replacing the internal W= lines in SM
penguin diagrams with unit-charged scalar (7], 75 and
;") lines (for more information, see Ref. [9]). As a result,
the Wilson coefficients C;(uy) and Cg(uyy) in TC2 take
the following forms [12,28]:
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~ 1
C7(MW) = - §D6TC2t0t(xp 20,
) X (2.26)
CS(MW) =~ EE(I)TCZtOt(xl’ Zt))
where
D6TC2t0t(Xt, 2 ) D/ SM()C,) + D/ TC2(ZI)’ (2 27)
E(/)TCZtot(xt’ Zt) = EE)SM(xt) + E()TCZ(Zt),
and
1 22 — 53z, + 257
DITC2(;) — [_ t t
0 ( t) 8\/_GFF2 18(1 — Zz)3
3 - 8Z[ + 4Z[ ]
-———log|z
3(1 _ Z[) g[ 1‘]
1 5 — 19z, + 2072
E! TC2 z,) = [_ t t
0 ( t) 8\/§GFF%T 6(1 - Zt)3
2 3
F 22} ]
+——1 , 2.28
(1— Zt)4 0g [z.] ( )

with z, = m;*/m? ...

There are new contributions coming from the nonuni-
versal gauge boson Z’ in the TC2 model to the Y™ and
Z5M that enter the CYPR in Eq. (2.15) [12]. The C)PR in the
TC2 model is given by

YTCZIOt(y[)
sin 20y,

CIg\IDR PNDR + 4zTC2101 (yt), (229)

where

YTC2tot(yt) — YSM + YTCZ(yt),

(2.30)
ZTCZtot(yt) — ZSM + ZTCZ(y,).

The functions YT%(y,) and ZT%(y,) are given by the
following expressions in the case of e or w in the final
state [11,12]:
Yy, = 27y,
—tan20'M?%
= T[Kab(yt) + K.(v) + Kq(y,)]
ZI

2.31)

with y, = m}2/m3,. In the case of 7 as a final leptonic state,
the factor —tan 2@’ in the above equation is replaced by 1.
The functions in Eq. (2.31) are also defined as [29]

S RO
Kap(y) = g(tan 6'— 1) (vy +ay)’
_ 16F5(y)  8F3(y) (2.32)
Kc(yt) 3(Uu — au) 3(Uu + au)’
_16F4(y,) 8Fs(y,)
Kd(yt) - 3(Uu — au) 3(Uu + au)’
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where
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F(y) = —[0.5(Q — Dsin?8y, + 0.25Ky? In (v,)/ (v, — 1)* = y,/(y, = 1) = y[0.5(=0.5772 + In (47) — In (M3,))
+0.75 = 0.5(x*In (y)/(v, = D* = 1/(y, = D)L + y)/ (v, — 2)],
Fy(y,) = (0.5Qsin?0y — 0.25)[y7 In(y,)/(y, — 1)* = 2y, In(y)/(y, — D* + y,/(y, — 1],

F3(y) = —0sin?6y[y,/(y; = 1) = y,In(y)/(y, — 1)?]

Fy(y) = 0.25(4sin 6y /3 — DIy; In (y,)/(y, = D> =y, = y,/(y, = D],
Fs(y,) = —0.250sin 20y y,[—0.5772 + In (47r) — In(M3,)) + 1 — y,In(y,)/(y, — 1)]

—sin?6y /6[y? In(y,)/(y; = 1)* =y, — ./ (v, — D],

and a,, =1 v,4=1I3—20,480%0y, with u
and d representing the up- and down-type quarks,
respectively.

The Wilson coefficients C, and Cy, that appear in the
effective Hamiltonian in the TC2 model belong to the
neutral top pion 70 and top Higgs h? contributing to
the rare decays. The coefficient Cy, in the TC2 model is
given by [11]

NI F?T(

Vy

mymv
24/2sin 26, F .m

C(xs)),

where the Inami-Lim function Cy(x,) is defined by [27]

CQ=

1

) CO(xz)
ho

#2002
Vismymm,” My,

2.34
WP m, (239

3x, +2
all 2lnxt:|. (2.35)

x,[x, —6
C =—‘[’ +
ob) = | 5= G —1)

The C(x,) function in Eq. (2.34) is also given as [12]

Fe(x)

€)= =050 = Dsin 26y, +0.25]

(2.36)
with

Fe(x,) = —[0.5(Q — 1)sin?6y, + 0.251{x21n (x,)/(x, — 1)?
—x,/(x; — 1) = x,[0.5(—=0.5772 + In (477)
—In(M%)) +0.75 — 0.5(x*In (x,)/(x; — 1)?
—1/(x, = ), (2.37)

where x, = m;*/m?, and g, is the SU(2) coupling con-

stant. Since, the neutral top-Higgs coupling with fermions
differs from that of the neutral top pion by a factor of s,

(2.33)

[

the form of C, is the same as Cy except for the masses of
the scalar particles [11].

C. Transition amplitude and matrix elements

The transition amplitude for the A, — A€* €~ decay is
obtained by sandwiching the effective Hamiltonian
between the initial and final baryonic states,

MM=AEE — (N () | FLE | Ap(pa,)) (2.38)

where p,, and p, are momenta of the A, and A baryons,
respectively. In order to calculate the transition amplitude,
we need to define the following matrix elements in terms of
twelve form factors in full QCD:

(A(pa) | 5y, (1 = ys5)b | Ay(pa,))
= ix(pAIy.f1(g?) + io,,q" f2(q%) + q* f3(¢%)
— Yu¥s81(q?) = i0,,¥5q9"82(q*)

= q*vs583(q*)Jun, (pa,). (2.39)
(A(pa) | 5i0,,q"(1 + ys)b | Ay(pa,))
= ax(pIyufl(@®) +iou,q" f1(q?)
+ q*f3(q?) + vuvsel (4P
+i0,,759"85(q) + q* s (g*)]un, (pa,),
(2.40)

and

(A(pp) | 5(1 + y5)b | Ap(pa,))
_ ,jhuA(pA)Mfl (@) + i 0" o)

+ ¢*f3(q) — dvs81(q?) — igho,,vs59"82(q%)
= ¢*vs583(qH)Jun, (pa,) (2.41)

075007-5



K. AZIZI et al. PHYSICAL REVIEW D 88, 075007 (2013)

where u,, and u, are spinors of the initial and final baryons. By the way, f ET) and gET), with i = 1, 2 and 3, are transition
form factors.
Using the above transition matrix elements, we find the transition amplitude for A, — A€* €~ in the TC2 model as

MAACE GFZe\;}g;bVZ
+ g*[A3R + BsLDuy, (pa,)J€y*€) + [aa(pa)(y [ DR + EL]
+i0,,q" [ DoR + E;L] + q#[ DR + EL)uy, (py,)1(€y* yst)
+ [ar(pa) G \R + H L1+ iqt0,,q"[GoR + H ,L]
+ ¢*[G5R + H3L])”Ab(PAb)](E€) + [ar(pA) M KR + S,L]
+ig"0,,q" [ KR + S,L] + ¢ IR + SsLDuy, (pa,) 1€ys6)}, (2.42)

{lax(paA)(y [ AR+ B\L]+io,,q"[ AR + B,L]

where R = (1 + y5)/2 and L = (1 — vs)/2. The calligraphic coefficients are defined as

o e 1 o e 1
A= (f; —g)C" — 2mb?(f{ + gD, G = m—b(fl —21)Cy,,

Ay = A (1 —-2), G, =G (1—2),
Az = A (1-3), Gs=Gi(1—3),

By = Ai(g1— —gi381 — —g1), Hy=Gi(g1— —g1),
B, = Bi(1—2), Hy,=3H,(1-2),

B, = B,(1—3), Hy=H,(1-3), (2.43)
D, = (fi — g1)Co K, = mib(fl —21)Co,
D, =D(1—2), Ky, = K(1—2),

D; =D, (1—3), Ky =K,(1—3),

& = Di(g1— —g1), S = Ki(gi — —g1),
E=&(1-2), S, =8,(1—2),
Ey=E(1—=3), S;=8,1—-3).

III. PHYSICAL OBSERVABLES

In this section, we calculate some physical observables such as the differential decay width, the differential
branching ratio, the branching ratio and the lepton forward-backward asymmetry for the decay channel under
consideration.

A. The differential decay width

In the present subsection, using the above-mentioned amplitude, we find the differential decay rate in terms of form
factors in the full theory in the TC2 model as

d’T ~ G%a%mmAb w12 [ ~ ~ A A2
,\—(Zr S) = 5 |thvts| v /\(1! r, S)[TO(S) + TI(S)Z + TZ(S)Z ]) (31)
dsdz 16384

where v = 4/1 — 412% is the lepton velocity, A = A(1,r,§) = (1 — r — §)> — 4r§ is the usual triangle function with

§=q*/my ,r=m3/m} ,z=cos6, and @ is the angle between momenta of the lepton /* and the A, in the center
of mass of feptons. The calligraphic T ((5), 7 ,(5) and T ,(§) functions are obtained as
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To(8) =32mym} (1 +r—3)(IDs|* + &%) + 64mim; (1 —r — HRe[ D &5 + Ds&7]
+64m3 Jr(6m? — m3, $)Re[ D& ]+ 64mymy, Jr{2my §Re[ D3]+ (1 — r+ §)Re[ D Ds + &5 1}
+ 32m3\b(2m% + m%bf){(l —r+8)my, JrRe[ AT A, + BiBy]—my,(1 —r—§Re[ A}B, + A3B]
—2./r(Re[A}B,]+ m%\hh@Re[ﬂ;Bz])} + Smf\b{4m%(1 +r—3%5+ m%\b[(l -2 =8N A N+ 1B %)
+8m} {4mg[A+ (1+r =88]+ m} $[(1—r)> = PRIAL + 1B, — 8m3 {4mi(1+r—3)
—m} [(1 =P = @RAD, P + 1€, 12) + 8m, 50> {—8my, 3 /r Re[D3E,] +4(1 = r+ §)V/rRe[ D D, + £1E5]
—4(1 —r=3)Re[ D&, + D& ]+ mp [(1 = 1)> = NI Dal* + 1€,1°)} — 8m {4m[(1—r)?
= $(1+ NIRe[ Dy K, + E18 1+ (4mg — m3 D1 —1)* =301+ n]UG, 1> + 1 H 1) + 4m3 Jr§*(@mG —m3 3)
X Re[G3 H 51} — 8m ${2v/r(dmi —m3 §)(1 —r+8)Re[ G} G5 + H [ H 5]+ 4me/r(1 —r +3)
XRe[Di K5 + E:Sy+ DK + E58 1+ 4me(1 — r— HRe[DiS; + £ K5 + DiS, + E5K,]
+2(1 = r = 8)(dmi — m3 HRe[G1H 3 + FH1G3]—my [(1 = 1) = 5(1+ ]I K, P + 1S, 1)}
—32m4 Vr${2m(Re[D;S + £} K 1+ (4m] —m] HRe[GH (T} +8mS §2{4/rRe[ KS)]
+2mp,Jr(1 — r+8)Re[ K K5 + S;S31+ 2my, (1 — r — §)Re[ K S5 + S K]
= (4mg —m3 (A +r =9G5> + [H 5% — dm(1 + r — §Re[ D; K5 + £3S5]

— 8my\/rRe[D3S; + E3 5G]} + 8mf $3H{(1+ r = (TG +1S517) + 4/rRe[ K851}

(3.2)

T,(8) = =32m% mvVAv(1 — )Re(A;G, + B H ) — 16m svv/A{2Re( A D)) — 2Re(B}E))
+ 2mAb RC(BTDZ - B;@l + ﬂ;gl - ﬂ?gz) + 2mAbm€ Re(ﬂ?ﬂg + BTG?} - ﬂ;g'[l - B;Gl)}
+32m3 §vvAMmy, (1 = )Re(A3D, — BiE,) + rRe(A3 D, + AiD, — BiE; — Bi&)

— JrmyRe(A Gy + B H 5 + A5G, + BiH )} + 32mS mAvs? Re(ALG; + BiFH ),
1 1 2 2 Ay 2 2

and

T5(3) = —8mi VAN A2 + B2 + D, ? + |€,%)
+8m§ $UPA( AL + By + Dy + |,
3.4

We integrate Eq. (3.1) over z in the interval [—1, 1] in
order to obtain the differential decay width only, with
respect to §. Consequently, we get

dr G%azmmAb ) 1
() = fem Ay #1200/ §) + = ) |
43 (8) 819275 Vi Vis|*v )‘[TO(S) 3 Tz(s):l

(3.5)

B. The differential branching ratio

In this subsection, we analyze the differential branching
ratio of the transition under consideration in different
lepton channels. For this aim, using the differential decay
width in Eq. (3.5), we discuss the variation of the

(3.3)

differential branching ratio with respect to ¢> and other
related parameters. Thus, we need some of the input
parameters presented in Tables I and II.

We also use the typical values m o = m;» = 300 GeV,
my+ = 450 GeV, Mz = 1500 GeV, € = 0.08 and K, =
0.4 in our numerical calculations [12].

For other input parameters, we need the form factors
calculated via light cone QCD sum rules in full theory [31].
The fit function for fy, f5, f3, &1, €2, &3, f3. f3, &3 and g}
is given by [31] (for an alternative parametrization of form
factors see [32])

b
4 ., (3.6)

(T) 2 (T) 2)] =
£ (@i (q*)] (1—"—§)+(1_q_2)2

m M

where a, b and m, are the fit parameters presented
in Table III. The values of the corresponding form
factors at g> =0 are also presented in Table III. In
addition, the fit function of the form factors f7 and g7
is given by [31]
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TABLE 1.  The values of some of the input parameters used in
the numerical analysis. The quarks masses are in the MS
scheme [30].

Input parameters Values

m, 0.51 X 1073 GeV

m, 0.1056 GeV

m, 1.776 GeV

m, 1.275 GeV

my, 4.18 GeV

m, 160 GeV

My 80.4 GeV

my 91.2 GeV

my, 5.620 GeV

M 1.1156 GeV

TA, 1.425 X 10712 s

h 6.582 X 1072 GeV's

Gr 1.17 X 107 GeV ™2

Ao 1/137

|V, Vil 0.041
AP = — = G

-5 (&
Mg Mgy
/ 72

where ¢, mf, and m/}? are the fit parameters whose values
we present, together with the values of the corresponding
form factors at g> = 0, in Table IV.

The dependencies of the differential branching ratio on
q°, mg+ and Mz in the cases of u and 7 leptons in both
the SM and TC2 model are shown in Figs. 1-6. In each
figure we show the dependencies of the differential
branching ratio on different observables for both central
values of the form factors (left panel) and for the form
factors with their uncertainties (right panel). Note that the
results for the case of e are very close to those of w, so
we do not present the results for e in our figures. We also
depict the recent experimental results on the differential
branching ratio in the u channel provided by the CDF [1]

TABLE II. The values of some of the input parameters related
to the TC2 model used in the numerical analysis [12].

Input parameters Values

m g0 (200-500) GeV
Mo (350-600) GeV
My (200-500) GeV
M (1200-1800) GeV
F. 50 GeV

g (0.06-0.1)

K, 03-1)

PHYSICAL REVIEW D 88, 075007 (2013)

TABLE III. The fit parameters a, b and m%it appear in the fit
function of the form factors f1, fa, f3, &1- &2» g3- /3, f¥, g% and
g} together with the values of the corresponding form factors at
g% = 0 in the full theory for A, — A€* €~ decay [31].

Form factors

a b m%it atg> =0
fi —0.046 0.368 39.10 0.322 = 0.112
2 0.0046 —0.017 26.37 —0.011 = 0.004
f3 0.006 —0.021 22.99 —0.015 = 0.005
g1 —0.220 0.538 48.70 0.318 = 0.110
8 0.005 —0.018 26.93 —0.013 = 0.004
83 0.035 —0.050 24.26 —0.014 = 0.005
& —0.131 0.426 45.70 0.295 = 0.105
e —0.046 0.102 28.31 0.056 = 0.018
g7 —0.369 0.664 59.37 0.294 = 0.105
g7 —0.026 —0.075 23.73 —0.101 = 0.035

and LHCb [2] Collaborations in Fig. 1. From this figure,
we conclude that

(i) for both lepton channels, there are considerable
differences between predictions of the SM and TC2
model on the differential branching ratio with re-
spect to g2, mg+ and Mz when the central values of
the form factors are considered.

(ii) Although the swept regions in both models coincide
somewhere, adding the uncertainties of the form
factors cannot totally eliminate the differences
between the two models’ predictions on the differ-
ential branching ratio.

(iii) In the case of the differential branching ratio in
terms of ¢ in the u channel (Fig. 1), the experi-
mental data from the CDF and LHCb
Collaborations are, overall, close to the SM predic-
tions for g> = 16 GeV?. When ¢ > 16 GeV? the
experimental data lie in the common region swept
by the SM and TC2 model.

To better compare the results, we depict the numerical
values of the differential branching ratio at different
values of ¢ in its allowed region for all lepton channels
and both the SM and TC2 model in Tables V, VI, and
VII. We also present the experimental data in the u
channel, provided by the CDF [I] and LHCb [2]

TABLE IV. The fit parameters ¢, mf and m? in the fit
function of the form factors fT and g7 together with the values
of the related form factors at g> = 0 in the full theory for A, —
A€ €™ decay [31].

c me, mif? Form factors at g> = 0
fT —1.191 23.81 59.96 0=*=0.0
gl —0.653 24.15 48.52 0+0.0
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20 20
15} SM 1 TC2 E—
5 5 CDF Collab, —F—
CDF Collab. —F— LHCb Collab. —3—

0 LHCb Collab. r—F— 0

dBr/dq? (A, - A ptp)x 107
dBr/dq? (Ap » A gt p)x 107

5 b 5
ogﬁ’?ﬂ o ——
i . . . . i . . . .
5 10 15 20 5 10 15 20
q* q*

FIG. 1 (color online). The dependence of the differential branching ratio (in GeV 2 units) on ¢> (GeV?) for the A, — Au" ™
decay channel in the SM and TC2 model using the central values of the form factors (left panel) and the form factors with their
uncertainties (right panel). The recent experimental results by CDF [1] and LHCb [2] are also presented in both figures.

o T T T T T T T 10— T T T T T T T

~

= ~

=5 SM = o
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I i TC2 e—
-

+ 4f A
~

< < 6F

T3t U
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«a 2 [ «a
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= 1 /—\/ =

9 &8

= 1 =

ol ) ) ) ) ) ) )
13 14 15 16 17 18 19 20
q g’

FIG. 2 (color online). The dependence of the differential branching ratio (in GeV 2 units) on ¢ (GeV?) for the A, — A7* 7~ decay
channel in the SM and TC2 model using the central values of the form factors (left panel) and the form factors with their uncertainties
(right panel).

—
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= T u
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X 8 2 12

I:_ SM I:_ TC2 m—
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FIG. 3 (color online). The dependence of the differential branching ratio (in GeV ™2 units) on m+ for the Ay — Aut u~ decay
channel in the SM and TC2 model using the central values of the form factors (left panel) and the form factors with their uncertainties
(right panel).

Collaborations, in Table V. With a quick glance at these CDF Collaboration, coincide with or are close to the
tables, we see that intervals predicted by the SM in all ranges of 2. Within
(1) inthe case of w, the experimental data on the differen- the errors, the results of TC2 are consistent with the
tial branching ratio, especially those provided by the data from the CDF Collaboration in the intervals
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FIG. 5 (color online).
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dBr/dq? (A; » A ttt7)x 107
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The same as Fig. 3 but for the A, — A7+ 7~ decay channel.
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The dependence of the differential branching ratio (in GeV ™2 units) on M, for the A, — Au* u~ decay

channel in the SM and TC2 model using the central values of the form factors (left panel) and the form factors with their uncertainties

(right panel).
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FIG. 6 (color online).

[2.00-4.30], [10.09-12.86] and [16.00-20.30] for the ¢>
and with the data from the LHCb Collaboration only
for the interval [16.00-20.30] for ¢°.

(i1) In all Iepton channels and within the errors, the inter-
vals predicted by the TC2 model for the differential
branching ratio coincide partly with the intervals
predicted by the SM approximately in all ranges of g2.

These results show that, although central values

of the theoretical results differ considerably from the

—
>

o0
T

TC2 m—

)
T

2

dBr/dq? (A, » ATtT)x 107
-

L

0 1
1200

1800

1500 1600 1700

M_(GeV)

1300 1400

The same as Fig. 5 but for the A, — A7+ 7~ decay channel.

experimental data, considering the errors of form factors
brings the intervals predicted by theory in both models
close to the experimental data, especially in the case
of the SM.

C. The branching ratio

In this subsection, we calculate the values of the branch-
ing ratio of the transition under consideration both in the

075007-10
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TABLE V. Numerical values of the differential branching ratio in GeV ~2 for different intervals of ¢> (GeV?) forthe A, — Au ™ ™
decay channel in the SM and TC2 model obtained using the typical values of the masses m,+ = 450 GeV and Mz = 1500 GeV.
We also show the experimental values of the differential branching ratio provided by the CDF [1] and LHCb [2] Collaborations.

SM TC2 CDF [1] LHCb [2]

q° dBr/dq?*[1077] dBr/dq?’[1077] dBr/dq?*[1077] dBr/dq?*[1077]

0.00-2.00 (0.60-2.58) (3.29-14.36) 0.15 = 2.01 = 0.05 0.28 = 0.38 = 0.40 = 0.06
2.00-4.30 (0.61-2.65) (2.16-9.33) 1.84 £ 1.66 = 0.59 0.31 = 0.26 = 0.07 = 0.07
4.30-8.68 (0.80-3.48) (2.17-9.31) —0.20 = 1.64 £ 0.08 0.15+0.17 = 0.02 = 0.03
10.09-12.86 (1.11-4.93) (2.46-10.62) 2.97 £ 1.47 £ 0.95 0.56 = 0.21 £ 0.16 £ 0.12
14.18-16.00 (1.05-4.78) (2.13-9.37) 0.96 = 0.73 = 0.31 0.79 £ 0.24 £ 0.15 £ 0.17
16.00-20.30 (0.54-2.57) (1.06-4.84) 6.97 £ 1.88 £ 2.23 1.10 = 0.18 = 0.17 = 0.24

TABLE VI. Numerical values of the differential branching
ratio in GeV ~? for different intervals of g> (GeV?) for the A, —
Ae"e” decay channel in the SM and TC2 model obtained using
the typical values of the masses m,+ = 450 GeV and Mz =
1500 GeV.

SM TC2

q? dBr/dq?*[1077] dBr/dq?*[1077]
0.00-2.00 (0.60-2.59) (3.29-14.37)
2.00-4.30 (0.61-2.65) (2.17-9.34)
4.30-8.68 (0.80-3.49) (2.17-9.32)
10.09-12.86 (1.11-4.94) (2.46-10.63)
14.18-16.00 (1.05-4.78) (2.13-9.37)
16.00-20.30 (0.54-2.57) (1.06-4.84)

TABLE VII. Numerical values of the differential branching
ratio in GeV ~?2 for different intervals of ¢> (GeV?) for the A, —
A7t 7™ decay channel in the SM and TC2 model obtained using
the typical values of the masses m,+ = 450 GeV and M =
1500 GeV.

SM TC2
7 dBr/dg*[1077] dBr/dg*[1077]
12.60-12.86 (0.11-0.53) (0.28-1.22)
14.18-16.00 (0.47-2.15) (1.05-4.61)
16.00-20.30 (0.43-1.96) (0.77-3.46)

SM and TC2 model. For this aim, we need to multiply the
total decay width by the lifetime of the initial baryon A,
and divide by 7. Taking into account the typical values for
mg+ and Mz, we present the numerical results obtained

from our calculations for both models, together with the
existing experimental data provided by the CDF [1] and
LHCDb [2] Collaborations in Table VIII. As can be seen
from this table,

(i) although the central values of the branching ratios in
the TC2 model are roughly 2-3.5 times bigger than
those of the SM, adding the errors of the form factors
causes the intervals of the values predicted by the
two models for all lepton channels to coincide.

(i) The order of the branching ratios shows that the
A, — A€ €~ decay can be accessible at the LHC
for all leptons. As already mentioned, this decay in
the w channel has previously been observed by the
CDF and LHCb Collaborations.

(iii)) As is expected, the value of the branching ratio
decreases by increasing the mass of the final lepton.

(iv) In the case of the u channel, the experimental data
on the branching ratio coincide with the interval
predicted by the SM within errors, but these data
considerably differ from the interval predicted by
the TC2 model.

In order to see how the TC2 model predictions deviate from

those of the SM, we plot the variations of the branching ratios
onm,+ and My in Figs. 7-10. From these figures we see that

(i) there are big differences between the predictions of
the SM and TC2 model on the branching ratios with

TABLE VIII.  Numerical values of the branching ratio of A, — A€*€™ for m,+ = 450 GeV
and Mz = 1500 GeV in the SM and TC2 model, together with the experimental data provided

by the CDF [1] and LHCb [2] Collaborations.

BR(A, — Ae*e)[106] BR(A, — Ap*u )[1076] BR(A, — Ar* 7 )[1076]

SM (1.81-8.06)
TC2 (6.62-29.03)
CDF [1] e
LHCb [2]

(1.64-7.30)
(4.55-19.81)
1.73 + 0.42 + 0.55
0.96 * 0.16 = 0.13 = 0.21

(0.34-1.51)
(0.63-2.77)
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respect to m+ and Mz when the central values of
the form factors are considered.

(i) The branching ratios remain approximately un-
changed when the masses of m .+ and M are varied
in the regions presented in the figures for both leptons.

(iii)) Adding the uncertainties of the form factors, we

end up with intersections between the swept re-
gions of the two models, but cannot totally elimi-
nate the differences between the two models’
predictions.

30

25 SM

20F

15f

10

Br(Ap > A g p)x 10°

5F

450 500 550

my+ (GeV)

0 L
350 400 600

PHYSICAL REVIEW D 88, 075007 (2013)
D. The FBA

The present subsection embraces our analysis of the
lepton forward-backward asymmetry (Apgg) in both the
SM and TC2 model. The FBA is one of the most
important tools to investigate the NP beyond the SM,
and it is defined as

1 _dI’ s 0 _dI s
N fom(z, S)dZ_ f_lm(z, S)dZ

A ( 8)dz + [0 L (2, §)dz

Arp(8)

(3.8)
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FIG. 7 (color online). The dependence of the branching ratio on m+ for the Ap — Au" u~ decay channel in the SM and TC2

model using the central values of the form factors (left panel) and

4
- SM
= 3}
2
1
(9
*
< 2
T
<
= 1f
2
0 L L L L
350 400 450 500 550 600
my+ (GeV)
FIG. 8 (color online). The same as Fig.
25
s 20f SM ——
—
2
I
+=. 15F
£l
<
1 10}
<
5 st
0 i i i i i
1200 1300 1400 1500 1600 1700 1800
M, (GeV)

FIG. 9 (color online).

the form factors with their uncertainties (right panel).
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FIG. 10 (color online).

The dependencies of the FBA on g2, mg+ and My for the
decay under consideration in both the p and 7 channels are
depicted in Figs. 11-16. A quick glance at these figures
leads to the following results:

(i) The effects of the uncertainties of the form factors on
Apg are smaller compared to the differential
branching ratio and the branching ratio discussed
in the previous figures.

(i) InFig. 11, where the dependence of A g on ¢ in the

M channel is discussed, we see considerable differ-
ences between the two models’ predictions at lower

0.6

0.4F
SM

0.2F

0.0
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Apg (Ap > A ptp”)
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0.6 L L L L
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FIG. 11 (color online).
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The same as Fig. 9 but for the A, — A7* 7~ transition.

values of g in the left and right panels. At higher
values of g2, the two models have approximately the
same predictions. In the 7 case (Fig. 12), the two
models have roughly the same results.

(iii) In the case of Apg in terms of m - and the u
channel, the uncertainties of the form factors end
up in some common regions between the two
models’ predictions. In the case of the 7 channel,
the difference between the two models’ results exists
even when considering the uncertainties of the form
factors.

15 20

The dependence of the FBA on ¢ for the A, — Au™ u~ decay channel in the SM and TC2 model using the

central values of the form factors (left panel) and the form factors with their uncertainties (right panel).
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FIG. 12 (color online).

q2

The same as Fig. 11 but for the A, — A7 7~ decay channel.
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FIG. 16 (color online).

The same as Fig. 15 but for the A, — A7 7~ decay channel.
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(iv) Inthe case of A pg on M, and the p channel, we see a
small difference between the SM and TC2 model
predictions when the central values of the form factors
are considered. Taking into account the uncertainties
of the form factors causes some intersections between
the two models’ predictions. In the case of 7 (Fig. 16),
we see considerable discrepancies between the two
models’ predictions which cannot be eliminated by
the uncertainties of the form factors.

(v) Apg is sensitive to ¢g> for both leptons. A gy is also
sensitive to M only for the case of 7. However, this
quantity remains roughly unchanged with respect to
changes in m+ for both lepton channels, as well as

with respect to M only for the p channel.

IV. CONCLUSION

In the present work, we have performed a comprehen-
sive analysis of the baryonic FCNC A, — A¢T{~
channel, both in the SM and TC2 scenarios. In particular,
we discussed the sensitivity of the differential branching
ratio, the branching ratio and the lepton FBA on ¢? and the
model parameters m,+ and Mz using the form factors

PHYSICAL REVIEW D 88, 075007 (2013)

calculated via light cone QCD sum rules as the main input.
We saw overall considerable differences between the two
models’ predictions, which cannot be totally eliminated by
the uncertainties of the form factors as the main sources of
errors. However, the existing experimental data provided
by the CDF and LHCb Collaborations in the case of the
differential branching ratios with respect to g> are very
close to the SM results, approximately in all ranges of g>
when the errors of the form factors are considered. Only in
some intervals of g> do the experimental data on the
differential branching ratio lie in the intervals predicted
by the TC2 model within the errors. From the experimental
side, we think we should have more data on different
physical quantities defining the decay under consideration
at different lepton channels, as well as different baryonic
and mesonic processes. This will help us in searching for
NP effects, especially those in the TC2 model, as an
alternative EWSB scenario to the Higgs mechanism.
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